Comparisons of tree water relations between treatments, species and sites are facilitated by the use of simple and low-cost measurements of xylem sap flow rates. The transient thermal dissipation (TTD) method is a variant of the constant thermal dissipation (CTD) method of Granier. It has the advantages of limiting thermal interference and of saving electrical energy. Here, our concern was to test a new step towards simplicity and low cost: the applicability of the TTD method with a single probe, i.e., without a reference sensor, following a cycle of 10 min heating and 10 min cooling, and using the same thermal index and multi-species calibration previously assessed with a dual probe. First, the responses of the dual and single probes were compared in an artificial hydraulic column of sawdust in the laboratory over a complete range of flux densities, from 0.3 to 4.0 l dm −2 h −1 . Second, diurnal kinetics were compared in a young tree with rapid changes in the sapwood reference temperature of up to 5 °C h −1 for 5 consecutive days. With a relatively stable reference temperature, laboratory results showed that a single probe yielded the same temperature signal and thermal index as a dual probe for the full range of sap flux densities. Within the tree, the cooled temperature of the heated probe, linearly interpolated, proved to be an accurate indicator of the change in the reference temperature over time. Logically, the temperature signals and estimates of sap flux density with the single probe did not differ from the dual-sensor measurements when the cooled temperature was interpolated. Additionally, the responses of the thermal index, yielded in the hydraulic experiment with the sawdust column, fell within the variability of the multi-species calibration. This result supports the previous assessment of a non-species-specific calibration for the TTD method with diffuse porous media. In conclusion, our results showed that the TTD method can be directly applied with a single probe. Limitations and possible future progress are pointed out. This measurement system is probably the simplest technique currently available to measure xylem sap flow.
Introduction
Measurements of xylem sap flow based on conduction and convection of heat are now widely used to study water relations in plants and particularly in woody species. The availability of reliable thermoelectric methods that can be automated in situ has boosted these measurements in the last 20 years. The general principle is that heat is actively introduced into the conductive xylem and the change in heat diffusion is mainly linked to the variation in sap flux density through the convective transport of the heat. Many thermoelectric methods are now available (see review and details in Swanson 1994 , Smith and Allen 1996 , Burgess et al. 2001 , Cermak et al. 2004 , Lu et al. 2004 ). All these methods have their relative advantages and drawbacks, depending on the scientific question to be answered, the plant species and size of the conductive organ, experimental conditions, funding, the time available and the experience of the user.
The set-up and maintenance of the large sets of measurements needed to compare treatments, species, sites and years,
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call for low-cost probes and simple methods. Such characteristics already explain the widespread use of the continuous thermal dissipation (CTD) method of Granier (1985) , which is based on a differential measurement between a heated sensor and a reference sensor. A close variant of the CTD method is the transient thermal dissipation (TTD) method (Do and Rocheteau 2002b , Do et al. 2008 , Isarangkool Na Ayutthaya et al. 2010 , which could be a further step towards simplicity and low cost as it also appears to be applicable with a single probe (SP), i.e., without a reference sensor.
The Granier-type dual probe (DP) comprises two needle sensors inserted radially into the sapwood. Each sensor contains a thermocouple and the sensors are connected to yield the differential measurement of temperature. In the CTD method, the downstream sensor is constantly heated and the measured difference in temperature decreases with an increase in sap flux density because the flow increases heat dissipation via convection. Differential measurement with the reference sensor automatically accounts for natural changes in sapwood temperature. The flow rate is then estimated from a thermal index, which is the ratio between the difference in temperature at zero flow and at measured flow. Non-species-specific calibration is mainly used between the thermal index and sap flux density when sensors are completely inserted into active xylem (Granier 1985 , Lu et al. 2004 . In ring porous species, the results of calibration generally may differ from the generic calibration (Bush et al. 2010) . The TTD method is based on the same Granier-type DP, but it works in transient conditions by introducing a relatively short cycle of heating and cooling (a minimum of 10 min heating and 10 min cooling). The transient signal (dT) is the relative change in temperature over the heating period, i.e., between the differential cooled temperature (ΔT c , after cooling) and the maximum differential temperature reached after the period of heating (ΔT h ):
By analogy with the CTD method, the transient signal is normalized by its value at zero flow to yield a transient index K:
where dT 0 is the maximum transient signal obtained under zero flow conditions and dT u is the measured signal at a given sap flux density J u .
Similarly to the CTD method, non-species-specific calibration is used between sap flux density and K (Isarangkool Na Ayutthaya et al. 2010, R 2 = 0.88, n = 276, including several logs of Hevea brasiliensis, Mangifera indica and Citrus maxima), i.e.,
where J u is sap flux density expressed in l dm −2 h −1 .
The calibration is very different from that in the CTD method because of the transient conditions; i.e., after 10 min heating, the temperature has reached a slow kinetic phase, but for low and zero flow rates it is far from equilibrium, which is not completely reached even after 30 min Rocheteau 2002a, 2002b) .
Despite the drawback of a lower time resolution of measurement, the TTD method has two main advantages over the CTD method. First, it saves a lot of electrical energy. Second, it is less sensitive to thermal interference due to heat storage and to natural thermal gradients (NTGs) between the two sensors placed ∼10 cm vertically apart (Do and Rocheteau 2002a , 2002b , Lu et al. 2004 ). The transient signal dT is insensitive to stable NTGs between the two sensors Rocheteau 2002a, 2002b) . However, as dT was sensitive to dynamic thermal gradients over the cooling period (i.e., in the early morning), the authors linearly interpolated the cooled temperature between the values of successive cycles of cooling (Do et al. 2008 , Isarangkool Na Ayutthaya et al. 2010 . This TTD method with a DP has proved its reliability in long-and short-term recordings in several species in several environmental conditions: Acacia tortilis (Forsk.) in Senegal Rocheteau 2002b, Do et al. 2008) ; Adansonia sp. in Madagascar (Chapotin et al. 2006a (Chapotin et al. , 2006b ; Olea europea L. in Tunisia (Abid Karray et al. 2008) ; and H. brasiliensis Mull. Arg. (Isarangkool Na Ayutthaya et al. 2010) .
Potential applications of the TTD method with an SP are based on the following: (i) the temperature signal is relative to time and (ii) the cyclic system of heating and cooling allows the measurement of a cooled temperature with the same needle before or after transient heating, assuming that this cooled temperature is a sufficient indicator of the change in background temperature. Mahjoub et al. (2009) explored this application with an SP using a cycle of 10 min heating and 20 min cooling. They proposed a new thermal index that is more complex and physically grounded than the current thermal index, K. This new index was supported by a laboratory experiment with one cut stem of olive tree and for a range of high flux densities (>1.7 l dm −2 h −1 ). However, this index was still exploratory and was based on three doubtful hypotheses that need to be tested with low flux densities, with different cut stems, and in the field. The first hypothesis is that after 10 min heating or after 10 min cooling the final temperatures are in equilibrium. The second hypothesis is that the determination of parameters related to zero flow conditions is not necessary. And the third implicit hypothesis is that the changes in background temperature of sapwood are negligible over the 10-min period of measurement.
The objective of this study was to test the applicability of the TTD method with an SP, using the same thermal index, K, and the same generic calibration provided by Do and Rocheteau (2002b) and Isarangkool Na Ayutthaya et al. (2010) for a DP.
Moreover, we assumed that a linear interpolation over time of the cooled temperature was necessary and sufficient to avoid significant errors due to rapid natural change in sapwood temperature. The first step was to theoretically assess the conditions under which the transient signal is the same with a DP and an SP. The second step was to experimentally test the hypothesis that an SP would yield the same transient signal and thermal index as a dual sensor for the common range of sap flow densities. The second step also enabled us to test with an artificial porous medium the evidence of generic calibration assessed by Isarangkool Na Ayutthaya et al. (2010) . The final step was to analyse in vivo, with a large diurnal variation in sapwood temperature, (i) if the cooled temperature is a relevant indicator of changes in sapwood temperature and (ii) the similarity in sap flow estimates between the SP and the DP measurements, the latter being used as the reference.
The responses of the dual and single sensors were first compared in an artificial hydraulic column of sawdust in the laboratory and subsequently in a young apple tree in an open greenhouse. In both conditions, the heating sensor and the reference sensor were independently connected to the data logger with absolute measurement of temperature. Hence, it was possible to obtain both an absolute measurement with the heating sensor alone (SP system) and a differential measurement with the reference temperature by calculation (DP system).
Materials and methods
Details of the TTD method of sap flow measurement are given in Do and Rocheteau (2002b) and Isarangkool Na Ayutthaya et al. (2010) .
Experiment using an artificial column in the laboratory
A hydraulic column was made out of a transparent plastic cylinder (50 mm in diameter, 445 mm in length) filled with sawdust (dry bulk density ~0.2 kg dm −3 ). The column was set vertically and water was pushed from the bottom with a peristaltic pump (2132 Microperpex; LKB Bromma, Sweden). The flow rate was controlled by weighing water losses from the column (0.01 g accuracy balance, Adventurer model; Ohaus, Pine Brook, NJ, USA). Flow rates were varied by a stepwise reduction in pressure from 4 to 0.2 l dm −2 h −1 in 10 steps. Pressure was maintained at each step for sufficient time to record six signals (dT) under stabilized flow conditions. The column was left under zero flow conditions five times during the course of the experiment to record maximum reference signals (dT m ), which were not perfectly stable (CV = 0.8%), and the average value was used to calculate K.
The sensors were classical radial needles of Granier's type with a diameter of 2 mm and a length of 20 mm (UP GmbH, Cottbus, Germany). The upstream reference needle and the heated needle were placed 10 cm vertically apart. The wires were extended by a compensation cable: copper to copper and constantan to constantan. They were independently connected to the data logger according to an absolute measurement of temperature with a T-type thermocouple (CR21X; Campbell Scientific, Leicester, UK), where the temperature of the reference junction is automatically given by the temperature of the logger panel. A cycle of 10 min heating and 10 min cooling was controlled by the data logger through a simple electrical relay as described in the data-logger manual. Data were recorded and saved every 10 min.
Experiment with a young apple tree in greenhouse conditions
The in vivo experiment with rapid changes in sapwood temperature was performed using a young potted tree (Malus domestica Borkh.) in an open greenhouse on hot days in early fall (end of September) in Montpellier, France. The radial probes were inserted in the trunk and connected to the data logger using the same design as in the laboratory. The trunk area containing the probes was protected from direct solar radiation with an aluminium sun shield. At the level of the heated probe (40 cm above the ground), the sapwood area was measured at 0.143 dm 2 for an external diameter of the trunk of 49 mm. In addition, several climatic parameters were recorded at the same time as the sap flux density measurement (every 20 min): global radiation, air temperature and relative air humidity. The vapour pressure deficit of ambient air (D a ) was calculated according to Allen et al. (1998) . All the automatic measurements were connected to the same data logger. For unknown reasons, all the recordings showed strong electrical disturbances every day from 5 to 7 p.m. and from 9 to 11 p.m. Hence, data were missing at these times, but these periods were not very important for the analysis, as the key period was the morning because of the quickest change in sapwood temperature. The analysis of probe responses was replicated for 5 days of large amplitude of sapwood temperature (mean = 19.4 °C, SD = 4.7).
Data analysis
Regression analysis and other statistics were performed with XLSTAT software (Addinsoft, Paris, France). Temperature signals, between the systems of probe measurement (DP or SP) and between calculation (interpolation or not of the cooled temperature), were first compared using linear regression analysis: determination coefficient (R 2 ), slope, intercept and root mean square deviation (RMSD). For more sensitivity, RMSD was expressed as a value relative to the variation amplitude of the signal, not to its mean value. The conclusive analysis of similarity was based on the Wilcoxon test for paired data, which does not require normal distributions and accounts for the relationship between the two systems of measurement. Figure 1 shows the comparison of temperature changes according to DP and SP measurement with the TTD method in the laboratory. Three flow rates are shown: zero flow, medium flow (1.7 l dm −2 h −1 ) and high flow (3.5 l dm −2 h −1 ). For this example, we selected conditions when the reference temperature showed maximum changes. Recordings of DP or SP measurements displayed similar kinetics depending on the flow rates. The change in temperature over time in response to increasing flow expressed an almost exponential function starting with rapid kinetics and finishing with slow kinetics towards an asymptotic line.
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Results
Basic signals of DP and SP measurements
As observed in previous analyses (Do and Rocheteau 2002b) , the extra thermal dissipation induced by the convective transport mainly affected the slow kinetics, reduced the final increase in temperature and shortened the time to reach equilibrium. In both recording systems, the maximum amplitude of the temperature change, after heating and cooling times, decreased from ~7.5 °C to 6 °C, depending on flow density. Recordings of the reference temperature illustrated some changes over time (Figure 1b) . The baseline of the SP measurement appeared to mirror the changes in the reference temperature: a slight decrease at zero flow and a slight increase at medium flow. As expected, the baseline of the DP measurement remained stable over the same period. It should be noted that the reference temperature was measured 10 cm upstream from the heated needle measurement, and that, even in the laboratory, passive thermal gradients could exist between the two levels and change according to the energy exchange in the room and the temperature of liquid flow. The room was not air conditioned. 
Theoretical difference between DP and SP measurements
The courses of temperature signals are schematically illustrated in Figure 2 following the example of Figure 1d . In the following, the time indexes 0, 1 and 2 attached to the temperature symbol (T) refer to 0, 10 and 20 min in the measurement cycle (Figure 2) . The dT signal is calculated with and without linear interpolation of the cooled temperature over time.
Without interpolation and for the SP measurement, the transient signal (dT s ) is written as
where T h1 is the temperature of the heated sensor after 10 min heating and T c2 is the temperature of the same sensor after 10 min cooling (Figure 2 ). For the DP measurement, the transient signal (dT d ) is written as
where T r1 and T r2 are the temperatures of the reference sensor measured at the same time as the T h1 and T c2 measurements ( Figure 2) .
Hence the SP measurement equals the DP measurement if T r does not change over the 10-min period of cooling, which was intuitively felt.
With interpolation of the cooled temperature, the transient signal for the SP (dT si ) is written as
where T c0 is the cooled temperature of the heated sensor at time zero (before heating) (Figure 2) . For the DP, the transient signal with linear interpolation (dT di ) is written as
where T r0 is the reference temperature at time zero (before heating) (Figure 2) .
Hence, the SP measurement equals the DP measurement if T r changes linearly over the period of 20 min. Figure 3a shows that in laboratory conditions the transient signals (dT) between the single-and dual-needle systems were already similar without interpolation of the cooled temperature (R 2 = 0.990, RMSD relative to dT amplitude = 1.85%). However, interpolation of the cooled temperature significantly improved the similarity between the two signals ( Figure 3b , R 2 = 0.999, relative RMSD = 0.61%). Over the range of flow rates (from 0 to 4 l dm −2 h −1 ), the temperature signal dT decreased by 2 °C, from 7.9 to 5.9 °C. Logically, Figure 3c confirms that the thermal index K (Eq. (2)) was very similar between the SP and DP systems (R 2 = 0.989, RMSE% = 7.34). The interpolation of the cooled temperature also reduced variability and strengthened similarity (Figure 3d , R 2 = 0.998, RMSE% = 2.64). In all cases, for both dT and K, the Wilcoxon test for paired data refuted any difference between single-and dual-needle measurements (P > 0.05).
Comparison of the transient signal and the thermal index over a controlled range of J u
Comparison with the multi-species calibration of Isarangkool Na Ayutthaya et al. (2010) Previous results showed that the same index, K, was obtained with the DP and SP systems versus controlled flow rate. These data, yielded in a sawdust column, were plotted against the Transient thermal dissipation method with a single probe 373 Figure 2 . Schematic drawing of the temperature changes of sensors with the TTD method in SP measurement (e.g., Figure 1d ). T h is the temperature of the single sensor after heating, T c is the temperature of the same sensor after cooling and T r is the temperature of the reference sensor located 10 cm upstream. A cycle of 10 min heating and 10 min cooling was used; the indexes 0, 1 and 2 attached to the temperature symbol (T) refer to 0, 10 and 20 min in the cycle. data of the multi-species calibration assessed by Isarangkool Na Ayutthaya et al. (2010, Figure 4) . The new data fell within the variability of the multi-species calibration. The sawdust points were located in the lower part of the scatter. We also plotted the response curve recorded with sawdust in the first calibration study of Do and Rocheteau (2002b) . In this case, the sawdust points were located in the upper part of the scatter. However, all the sawdust data showed intra-variability similar to that observed in H. brasiliensis or other species. Figure 5 illustrates the rapid change in the temperature of sapwood in the trunk of a young apple tree on a sunny day in early fall in a Mediterranean climate. During the morning, following the air temperature the reference temperature measured in the sapwood increased by 10 °C in 2 h. It was remarkable to see that the cooled temperature of the heated sensor (recorded every 20 min after 10 min of cooling) appeared to mirror the change in the reference temperature. It was also notable that the change in T r was not negligible over a period as short as 10 min and could reach 0.8 °C.
Cooled temperature compared with reference temperature in an apple tree
Further analysis confirmed that the cooled temperature measured with interpolation was similar to the reference temperature (R 2 = 0.998, Figure 6a ). The slope was very close to 1. There was an average positive difference of 0.83 °C with a standard deviation of 0.27. Without time interpolation (i.e., with a time lag of 10 min), the relationship was slightly less strong (R 2 = 0.991, Figure 6b ). The average systematic difference was similar (+0.86 °C), but the standard deviation was twofold higher (0.58).
Comparison of the dT signal between SP and DP measurements in the apple tree
The reference response was taken from the DP system with interpolation of the cooled temperature. On the same sunny day as in Figure 5 , the signal with the SP and with interpolation of the cooled temperature was very close to that with the DP (R 2 = 0.965, RMSE% = 6.2, Figure 7a ). The maximum decrease in dT, ∼1 °C, illustrated relatively low sap flux density for this example of diurnal pattern. Without interpolation of the cooled temperatures, dT signals between the SP and DP measurements were correlated but the relationship was weak (R 2 = 0.437, RMSE% = 22.4, Figure 7b ) with marked variability 374 Do et al. in the middle of the scatter plot. This observation illustrates the importance of the greater inaccuracy of the T c estimate (as shown in Figure 6b ). In contrast, the signal of the DP without interpolation was close to the signal of the DP with interpolation (R 2 = 0.971, Figure 7c ).
Diurnal sap flow kinetics and relationships with vapour pressure deficit
For the same day as in Figures 5-7 , the kinetics of sap flow density (J u ) were calculated from temperature signals in all configurations using the general calibration (Eq. (3)). As expected from dT signals, the J u kinetics were very similar between the SP and DP systems with interpolation of the cooled temperature (Figure 8a) . Relatively low maximum sap flow densities were confirmed (i.e., ~1 l dm −2 h −1 ). The diurnal change in the air vapour pressure deficit (D a ) was peculiar with a steep increase in the morning. The same phenomenon was observed every sunny day and was likely related to the radiative conditions in the open greenhouse. The pattern of J u did not completely follow the morning peak of D a , but globally it was significantly related to D a with a 20-min lag, R 2 = 0.813 and 0.768, for the DP and SP systems, respectively. With and Transient thermal dissipation method with a single probe 375 without interpolation of cooled temperature, the DP system produced a similar pattern and absolute values of J u (Figure  8b) , such as similar strength of the relationship with D a (Table 1, R 2 = 0.784). In contrast, without interpolation, the results of the SP system differed in both pattern and absolute values. Maximum J u values were twofold higher, reaching 2 l dm −2 h −1 . The relationship with D a was weakened (R 2 = 0.587). The pattern was more chaotic with a steep morning increase slightly before the change in D a . This analysis of diurnal patterns was replicated for 5 days. The tendencies were similar. The differences with the reference measurement of the DP with interpolation of the cooled temperature were pooled. Globally, the SP measurements did not differ from the DP measurements when the cooled temperatures were linearly interpolated (Wilcoxon test: P > 0.05). And SP measurements differed when T c was not interpolated (P < 0.05). However, a deeper analysis provided further insights ( Table 1) . Data were separated into four phases according to the pattern shown in Figure 8b : (i) night (9 a.m. to 8 p.m.), (ii) morning (8-11 a.m.), (iii) extended midday (11 a.m. to 4 p.m.) and (iv) late afternoon (4-9 a.m.). The SP measurement without T c inter polation (J s ) differed from the reference measurement (J di ) in all situations, but the difference was particularly large in the morning (+393%) when there were rapid changes in sapwood temperature. At this time, the SP measurement with interpolation (J si ) also differed from the reference, but much more slightly (+8.7%). 
Discussion
Same responses with SP and DP measurements in the laboratory
With a relatively stable reference temperature, the hydraulic experiment in a sawdust column showed that with the TTD method, an SP measurement yielded the same transient signal and thermal index as a DP measurement for the complete range of sap flux densities. Moreover, the time interpolation of the cooled temperature improved the similarity between the two measurement systems.
The applicability of the TTD method to an SP is not surprising, and this possibility was mentioned in the first paper describing the method (Do and Rocheteau 2002b) . The relative importance of the interpolation of the cooled temperature was more surprising in laboratory conditions. However, the ambient temperature was not controlled in the room and significant changes in reference temperature may have occurred during the 10-min period as shown in Figure 1 . Isarangkool Na Ayutthaya et al. (2010) also found that even in the laboratory the interpolation of the cooled temperature reduced the variability of the thermal index for the DP measurement and improved the accuracy of calibration. The fact that it concerned the DP measurement is somewhat surprising because basically the latter accounted for the variation in the reference temperature. But this was likely due to the existence of dynamic NTGs. The case of Figure 1b and e at medium flow (1.7 l dm −2 h −1 ) provides an illustration. The baseline of the differential measurement (Figure 1b) was not perfectly stable but decreased slightly (−0.2 °C/20 min). The explanation is in the absolute measurements (Figure 1e) where the slope of the reference temperature was slightly higher than that of the baseline of the heated sensor, which is the example of a dynamic NTG. We recall that with the CTD method, these details are not discernible and will also have induced additional errors in the sensitivity of the method to stable NTGs. Of course, the use of an SP with the TTD method completely avoids the problem of NTG, whether stable or dynamic.
Performance of the SP measurement under rapid variations in sapwood temperature
Temperature signals and estimates of sap flux density with the SP measurement did not differ from the reference of the DP measurement when the cooled temperature was linearly interpolated. In contrast, marked differences occurred without interpolation. In the morning, due to the significant increase in sapwood temperature over the 10-min period, overestimation of the dT change resulted in overestimation of the thermal index K and sap flux density. Logically, the situation was reversed in the late afternoon: the significant decrease in sapwood temperature over the 10-min period resulted in underestimation of the change of dT and sap flux density. These results showed that the linear interpolation with time of the cooled temperature was necessary and sufficient to ensure correct measurements with the SP in field conditions. However, the slight difference that occurred in the morning despite interpolation indicates that this measurement may not be perfect in extreme situations of sapwood temperature change. The applicability of the TTD method to an SP relies mainly on the fact that the interpolated cooled temperature of the heated probe is a good indicator of the change in the sapwood temperature as shown in Figure 3 , even if complete thermal equilibrium is not reached. Moreover, one could argue that the field test was performed in relatively low-flow conditions (maximum ~1 l dm −2 h −1 ) and that high flow rates (e.g., 3-4 l dm −2 h −1 ) could have altered the results. However, it is with low flow rates that the risks of thermal interference and inaccuracy appear to be the greatest. Finally, our Transient thermal dissipation method with a single probe 377 analysis emphasizes the fact that a non-linear change in the temperature of the sapwood during the measurement cycle will introduce measurement errors with the TTD method and the SP system. Generally, such an occurrence is unlikely over a period of 20 min; however, it may occur in the early morning on certain days. Similarly, but for both SP and DP measurement, a rapid change in sap flux density over the 10-min period of heating could introduce measurement errors with the TTD method.
General calibration of the TTD method
Complementarily, the results of the hydraulic experiment using a sawdust column support the assessment of non-speciesspecific calibration for the TTD method in diffuse porous media (Isarangkool Na Ayutthaya et al. 2010 ). This very interesting practical property is shared with the original CTD method (Lu et al. 2004) . It is likely due to Granier's design of the thermal index K, which is analog in the TTD method. It is the ratio of the signal response at zero flow to the response at actual flow. It appears that the zero flow response of the set-up acts as a calibration coefficient for the whole probe-porous media system. In addition, our results using the sawdust column confirmed a certain intra-porous media variability of the K response, because they differed slightly from the first response curve assessed by Do and Rocheteau (2002b) on a sawdust column, which was also included in the variability assessed by Isarangkool Na Ayutthaya et al. (2010) . However, the two experiments with sawdust were based on a reduced number of column and probe set-ups. The multi-species calibration of Isarangkool Na Ayutthaya et al. (2010) was based on 19 setups or response curves including 11 cut stems and 2 probes. The latter experiment should have maximized existing variability and provided a more reliable average response curve. As a similar range of variability also existed between the probe setups within the same cut stems in the experiment of Isarangkool Na Ayutthaya et al. (2010), we mainly attributed it to the contact between probe and porous media, which is unlikely to be exactly the same between set-ups. One consequence is that in both calibration and field experiments, a substantial number of replications of probe set-ups appear to be necessary to yield a reliable average measurement of absolute values. This conclusion suggests a limit to the normalization done inside the K index with the zero flow response. Thermal contact errors could not entirely be accounted for by normalization of temperature measurements against zero flow conditions. Such a source of inaccuracy may also apply to the CTD method. It could have explained the slight difference in calibration between the results of Cabibel and Do (1991) and the original calibration of Granier (1985) . Similarly, with 10 small trees in containers, McCulloh et al. (2007) found general agreement when they compared the responses of the CTD method with a gravimetric method, but observed large individual errors (up to 50%). They suggested that this discrepancy could be due to 378 Do et al. Table 1 . Comparison in estimates of sap flux density with the TTD method and different systems of measurement and calculation in a young apple tree in greenhouse conditions with rapid change in sapwood temperature. NTGs. However, the variability of the contact between the probe and the sapwood could also have contributed to the inaccuracy.
Single probe versus dual probe with the TTD method
Our results demonstrated that the TTD method is applicable to an SP. However, the use of an SP does have some technical drawbacks. First, it is common knowledge that with thermocouples an absolute measurement of temperature is less accurate than a differential measurement. Second, if extension cables are needed, they have to be specially compensated for the thermocouple used. One possible solution in the future would be to use a thermistor instead of a thermocouple. The advantages of an SP are quite clear. The use of one probe will substantially decrease costs and should also reduce the risk of damage when handling the probes in the field or when the trees react to the insertion of the probes. Simplicity is a major advantage in the field. One final advantage is to definitively avoid the problems of an NTG (whether dynamic or stable) induced by the DP system.
Further improvement of the TTD method
In the current method, the thermal index used empirically considers the total change in temperature over time after transient heating from an initial temperature to a final temperature. Preliminary results support the fact that the actual thermal index can be improved to (i) increase the relative sensitivity to different ranges of flow density (low flow or high flow) and (ii) decrease the influence of probe-sapwood contact (the initial rapid kinetics). It is likely that changes in the TTD method will depend on a more sophisticated index based on a physical analysis of the details of the temperature response (Figure 1) . Mahjoub et al. (2009) reported an interesting attempt. The main physical basis of such analyses already exists because there is a strong analogy between TTD and the simplest techniques used to measure thermal properties in soils and other solid or liquid media, called 'transient hot wire technique' or 'transient heating single probe' (De Vries 1952 , Benet et al. 1977 , Shiozawa and Campbell 1990 , Bristow et al. 1994 . Briefly, such techniques deduce the thermal conductivity of the media from the asymptotic form of the temperature rise (or decrease) in the long term of a single heated sensor, which approximately corresponds to the start of the slow kinetics discussed and shown in Figure 1 . Finally, a shortening of the heating cycle is clearly desirable with the TTD method to improve the accuracy of measurements of changing sap flux density and to reduce the sensitivity to rapid and non-linear change in sapwood temperature. However, previous attempts have shown that reducing the time below 10 min with the same heating energy may dramatically reduce the sensitivity to low flows (Do and Rocheteau 2002b) . A substantial reduction in heating energy could be a way of shortening the time to reach the slow kinetics and the asymptotic behaviour in low-flow conditions (see Figure 1) .
Conclusion
Our results show that the TTD method can be directly applied with an SP, which makes instrumentation simpler and cheaper. Complementarily, the results of calibration in a sawdust column support the previous assessment of a generic calibration for diffuse porous media. Several limits and possible future progress in the method were pointed out. This method with an SP is likely the simplest technique for in situ measurement of xylem sap flow rates.
